Abstract Atmospheric nitrogen (N) deposition is a serious problem on the North China Plain (NCP) because it imposes a considerable nutrient burden on the local environment. However, it also makes a substantial contribution to agricultural crop N requirements. The integrated total N input (ITNI) system is a method to quantify total atmospheric N deposition by using 15 Nlabeled monitor plants grown in pots. The effect of pot surface area and variety of indicator plant on the amount of airborne N input quantified by the ITNI system was investigated in this study. Total N deposition to the soilmaize/soil-wheat plant system at key growth stages was also quantified to improve N-fertilizer recommendations. When indicator plants having a high space requirement were used a correction factor was needed and this could be obtained only by simulating commercial field conditions, especially plant density, because the factor depends largely on pot area or the difference in plant density between pot conditions and field conditions. The total airborne N input measured by the ITNI system was not influenced by the variety of monitoring plant. N deposition was 20-25 kg N ha −1 during growth from three expanded leaf to ten expanded leaf and also from ten expanded leaf to maturity of maize. N deposition was 29.1 kg N ha −1 between planting and the jointing stage and 10.1 kg N ha −1 from jointing to maturity of wheat. This high measured N deposition indicates that N deposition should be taken into account when calculating the N fertilizer requirements of maize and wheat in this region.
Introduction
Increasing quantities of reactive N in both reduced and oxidized forms are emitted to the atmosphere and re-deposited onto the surfaces of terrestrial and marine ecosystems due to the development of intensive agriculture and rapid growth in energy consumption. This accelerated anthropogenic N deposition can induce detrimental effects on natural and semi-natural ecosystems, including eutrophication (Bergström and Jansson 2006) , acidification (Bouwman et al. 2002) and the loss of biodiversity (Stevens et al. 2004; Phoenix et al. 2006) . Most of the studies on N deposition have focused on its impact on natural ecosystems (e.g. Duce et al. 2008; Nadelhoffer 2001; Stevens et al. 2004 ). There have been few studies evaluating the contribution of N deposition to intensive agricultural ecosystems (Fahey et al. 1999) . N balances from long-term field experiments in Changping, Beijing have confirmed high airborne N inputs of about 83 kg N ha −1 a −1 (He et al. 2007 ). Therefore, quantification of N deposition is a key issue in improving N use efficiency in agriculture and minimizing its impact on sensitive natural ecosystems. Unfortunately, the standard methods currently used for direct monitoring of N deposition such as wetonly and passive samplers underestimate N inputs from the atmosphere because they fail to take into account the direct uptake of atmospheric N by the aerial parts of plants (Russow et al. 2001) and organic N inputs (Cape et al. 2001) . A new approach, the ITNI (Integrated Total Nitrogen Input) system, was developed based on a 15 N isotope dilution technique (Mehlert et al. 1995) and tested in the field (Weigel et al. 2000) . It was found to be the only technique that permitted determination of the total atmospheric N input including wet, dry (particulate matter), and gaseous deposition and direct N uptake by aboveground plant parts (Russow et al. 2001; Böhme et al. 2002 Böhme et al. , 2003 He et al. 2007 ). The principle of the method is that the 15 N-enriched source of the ITNI system will be gradually diluted by airborne N deposition (with natural 15 N abundance) during the plant growing period and total N deposition can be calculated from the extent of 15 N dilution in the system. However, pot experiments are used in the ITNI system and accurate extrapolation of the results from the pot (small area) to the field scale is somewhat difficult. The area method and the plant number extrapolation method were used and it was found that similar results were produced only when the plant density in the pots approximated the plant density in the field (Russow and Böhme 2005; He et al. 2010) . A correction factor is needed to obtain reliable results for a crop species such as maize with a high space requirement and this varies depending upon the atmospheric environment and features of the experimental system such as pot area, which affects the difference in plant density between pot and field. The factor can be determined accurately only by simulating commercial field conditions. Very little information is available about the effects of pot surface area and the variety of indicator plant on the total amount of airborne N input quantified by the ITNI system. We are also interested in the total airborne N deposition during key growth stages of crops which are very important for N management in the field. The objectives of the present study were therefore to elucidate the effects of pot surface area and crop variety on determination of total N deposition and airborne N inputs to maize and wheat cropping systems at key growth stages.
Materials and methods
The experimental work was conducted at two important wheat and maize production sites. The first is Dongbeiwang (DBW) on the outskirts of Beijing where intensive agriculture and high traffic densities co-exist and the other is Quzhou (QZ) in Hebei province, 475 km south of Beijing, where intensive agriculture is the most important source of N pollution. The manual ITNI system used in this study consisted of a pot, N-free quartz sand, the indicator plant, and the nutrient solution with the 15 N labeled N source (He et al. 2007 ). According to the principle of the method, N losses e.g. denitrification (N 2 , N 2 O, NO x ) in the sand-plant system should be negligible. Our previous studies have confirmed that N losses can be greatly reduced and the total recovery of added 15 N can be up to 60-70% or even higher than 70% if proper nutrient solution management is adopted in the system (Wang 2008 N abundance 5 at %). Nutrient solution was added manually and regularly from a buffer vessel to the pot. Surplus nutrient solution and rainwater were conducted back into the buffer vessel. The nutrients were recycled and the system was exposed only at the surface of the pots and the aerial parts of the plants. , consistent with conventional (high) N fertilization rates for maize (360 kg N ha −1 ) on the North China Plain (Liu et al. 2003 ).
Maize variety
Maize was sown at the beginning of June and harvested at the end of September 2007 at both sites. Two maize varieties, ND108 and NE1, were adopted in this trial, in which ND108 was a normal cultivar and NE1 was an N-efficient cultivar. The pot surface area was 0.057 m 2 (inner diameter 27 cm and height 30 cm) and the quartz sand content was 18 kg per pot. Only one maize plant was grown in each pot and the amount of N applied was 6.0 gN plant −1 .
Dynamic harvest stage
Total N deposition to the sand-maize / sand-wheat plant systems at key growth stages was also quantified at DBW to provide data for improving N fertilizer recommendations. The third leaf expanded and tenth leaf expanded stages are two of the key growth stages of maize when fertilizers are applied on the North China Plain. Grain filling is the growth stage at which N uptake is highest. Therefore maize was sown on 12 June 2006, the first harvest was taken on 4 July after the third leaf was fully expanded, the second harvest was taken on 2 August after the tenth leaf was fully expanded, the third harvest was taken on 30 August during grain filling, and the final harvest was on 30 September at maturity. Wheat (Triticum aestivum L.) was then sown on 1 October 2006. The aerial parts of wheat tended to stop growing from the end of November due to the low temperatures and started to re-grow from March when the ambient temperature started to increase. Nitrogen was applied only once at the jointing stage during the whole growing season of wheat. Therefore the first harvest was taken on 22 November 2006 at the seedling stage, the second harvest was taken on 18 April 2007 at the jointing stage, and the final harvest was on 24 May 2007 at maturity.
The pot surface area was 0.057 m 2 as described above and each pot contained 18 kg quartz sand. The number of plants per pot was 1 for maize and 24 for wheat. The amount of N applied per plant was 3.0 g plant −1 for maize and 1.5 g pot −1 for wheat.
All treatments in these studies (pots and troughs) were replicated four times and pots were placed on the soil surface. Maize and wheat were also planted around the pots and troughs to simulate commercial field conditions. In addition, all of the measurements were made within a large typical agricultural field in which maize and wheat were grown approximately simultaneously with the plants in the pot experiments. Thus, on the whole, the air chemistry over the whole agricultural field was relatively consistent to minimize the influence of uncontrolled factors on N deposition.
Sampling, measurement and calculation
At the end of each growing period maize and wheat plants were harvested together with sand and nutrient solution. The 15 N abundance in the sand, nutrient solution, roots, grains, leaf and straw was analyzed by mass spectrometry (Deltaplus XP, Thermo Finnigan).
Analytical details and calculation of the amount of N deposited have been described by Russow et al. (2001) . The ITNI system is based on a pot experiment from which the results must be extrapolated to the field. The method of extrapolation is therefore critically important. The basic methods of extrapolation are outlined briefly below and have been described in greater detail by Russow and Böhme (2005) .
(I) Area method (ratio between the area of the field plot and the area of the pot)
where A pot is pot area (0.057 m 2 ), AND is the corrected total atmospheric N deposition, and AdTN is net N input into the pot, including that in sand, solution (AdSN) and plants (AdPN). This is regarded as the simplest method of extrapolation because only the pot area A pot is required as an additional parameter. However, the influence of the dry matter (DM) production of the monitored plant is neglected and this is the main disadvantage of this method.
(II) Plant number method (ratio between the number of plants in the field plot and the number of plants in the pot) 
Statistical analysis
Statistical analysis of the total plant biomass, total N deposition and plant available N from deposition data between various pot surface areas and maize varieties adopted was conducted using one-way analysis of variance. Least significant difference at the 5% level or another stated statistic was calculated if significant differences between pot surface areas or maize varieties were found.
Results and discussion
Pot surface area effect on the extrapolation of total N deposition The results of extrapolation using the area method (ANDa) and the plant number method (ANDn) from pot experiments are shown in 2 ). However, using the plant number approach the ANDn value of maize planted in troughs was 1.7 times that of pot-grown maize with a surface area of 0.038 m 2 and the value was 1.48 times that with a surface area of 0.057 m 2 (calculated from Table 1 ). It can be shown that the combined area/DM method would achieve the most reliable results compared with the area method and the plant number method (Russow and Böhme 2005) . However, this extrapolation technique requires some additional parameters which are usually unavailable in commercial cultivation and it was therefore not tested in this study. Comparing the area method (ANDa) with the plant number method (ANDn), similar results were found when the plant density in the pots approximated that used in the field, e.g. for maize planted in troughs with a surface area of about 0.98 m 2 (Table 1) . ANDn/ANDa ratios of 0.23 (pot surface area 0.038 m 2 ) and 0.34 (pot surface area 0.057 m 2 ) were found when there was a large difference in plant density between the pots and the field for maize. Using the plant number approach, the ANDn value of maize planted in the pot with a surface area of about 0.038 m 2 was lower than that with an area of about 0.057 m 2 (39.0 kg N ha −1 vs. ). This implies that the larger the difference in the plant density between pots and fields, the larger the difference in the total airborne input determined. The ratios of the ANDa and ANDn values of maize planted in troughs to the values in pots with a surface area of 0.038 m 2 were 0.39 and 1.70, and these ratios of the ANDa and ANDn values of maize planted in troughs to the values in pots with an area of 0.057 m 2 was 0.52 and 1.48, indicating that both of these extrapolation methods failed for plants with high space requirements such as maize. The area extrapolation method tended to give a large overestimation and the plant number extrapolation method led to an underestimation. This agrees well with our previous findings (He et al. 2010 ) in which we suggested that a correction factor was required to monitor crops with high space requirements (such as maize) when both of these methods were used for extrapolation from pots to the field. However, the correction factor could only be obtained by simulating commercial field conditions, especially for plant density because it depends largely upon pot area or the difference in plant density between pots and troughs (reflecting field conditions) under identical atmospheric conditions and nutrient solution management for both pot and trough systems.
kg N ha
As area extrapolation was regarded as the simplest method because only the pot area A pot was required as an additional parameter, the total airborne N input into different parts of a maize plant was calculated according to each correction factor, i.e. 0.39 for the value monitored with a pot surface area of 0.038 m 2 and 0.52 for the value monitored with pot a surface area of 0.057 m 2 (Table 2 ). It was found that the total airborne N input and the plant available N to potgrown maize with different pot surface areas was similar after correction, indicating that the ITNI system and extrapolation methods from the pot to the field scale could produce reliable results for a crop species such as maize with a high space requirement by using the appropriate correction factor after simulating commercial field conditions. Effect of maize variety on total airborne N deposition Total airborne N input into different parts of a maize plant monitored using different maize varieties is shown in Table 3 . All of these data were calculated using the area extrapolation method and corrected by a factor of 0.52 when extrapolated up to the field scale because the maize was planted in pots with a surface area of 0.057 m 2 in this study. Although NE1 was an N-efficient cultivar, there were no obvious differences in the values of dry matter, total airborne N input into each part of the sand/maize system, plant available N deposition, and total N deposition monitored with NEI and ND108 (except dry matter yield at DBW). Basic canopy parameters such as height and leaf area index (LAI) were similar within the same crop. Therefore, the variety within the same crop is not likely to be a key factor influencing the estimation of total N deposition in the ITNI system. If this also holds true for other crop species the effect of crop variety on quantification of total N deposition can be neglected.
Total N deposition and plant available N deposition at key growth stages of maize and wheat Table 4 shows the total N deposition and plant available N from deposition for maize and wheat. Maize was planted in pots with a surface area of 0.057 m 2 and the data were therefore corrected by a factor of 0.52 when extrapolated to the field scale. In our previous study it was shown that the correction factor is needed only when the monitoring crops have high space requirements (e.g. maize). The data monitored with wheat could be extrapolated without correction due to the similar plant densities in pots and in the field. The wheat data were therefore extrapolated directly from pots to the field scale by the area method in the present study. Estimated total N deposition, plant available N from deposition (i.e. net plant N from deposition), and the ratio of plant available N from deposition to the total N deposition during the whole maize growing season were 47.4 kg N ha −1 , 27.8 kg N ha −1 and 59%
(calculated from Table 4 ), respectively, agreeing well with the values measured in 2005 at DBW (44.9 kg N ha −1 , 26.6 kg N ha −1 , and 56%; He et al. 2010 ).
However, the values for total N deposition and plant available N from deposition were much lower than those measured in 2007 at DBW (68.1 and 41.5 kg N ha −1 ; Table 2 ). Higher biomass production may produce a larger airborne N input due to the higher effective area and the higher coverage of the soil surface by the plant leaves (Böhme et al. 2003; He et al. 2007 ). Leaf or canopy conductance assuming some of the input of NH 3 might also be a factor for the larger airborne N input. Except for the differences in the actual N deposition between years per se, the differences in dry matter of maize among years (164 g plant (Table 4) . During the period from third-expanded leaf stage to tenth expanded leaf stage, maize needs more nutrients from the environment to supply its vegetative growth. Here the value of net total airborne N deposition was the highest at about 21.4 kg N ha −1 and the value of net plant available N was 9.4 kg N ha −1 . Subsequently, maize gradually moved into its reproductive stage and the reproductive organs began to utilize N transferred from the leaves and straw. It was reported that most of the N in the maize grain (about 60%) was transferred from the leaf and straw and only 40% was absorbed from the environment during grain filling (Chun et al. 2005) .
Therefore the values of net total N deposition during the period from tenth-expanded leaf stage to grain filling and the period from grain filling to maturity dropped to 12.1 and 12.7 kg N ha
. The values of plant available N from deposition were only 10.1 and 8.1 kg N ha −1 during these two growth periods, approximating to the value of 9.4 kg N ha −1 during the period from the third expanded to the tenth expanded leaf stage. When wheat was harvested at the seedling stage in 2006 the estimated total N deposition and plant available N from deposition were 6.4 and 5.9 kg N ha −1 , and most of the total N deposition was utilized by the wheat plants, leading to a high ratio of plant available N from deposition to total N deposition (92.2%) ( Table 4 ). Total N deposition was 22.7 kg N ha −1 during the period from seedling to jointing stage, while the plant available N from deposition was zero. One explanation is that the aerial parts of wheat ceased growth from the end of November due to low temperatures and started re-growth from March with increasing temperatures, so that little airborne N was absorbed by the wheat plants directly and N was deposited onto the soil instead. The estimated values of total N deposition, plant available N from deposition, and the ratio of plant available N from deposition to the total N deposition during the period from jointing to maturity were 10.1 kg N ha −1 , 2.7 kg N ha −1 and 26.7%, respectively. This indicates that the net N deposition utilized by wheat from jointing to maturity would be negligible. Substantial NH 3 (Yamulki et al. 1996; Olsen et al. 1995; Husted et al. 1996) , NO 2 and NO (Wellburn 1990 ) emissions have been reported to occur from agricultural crops to the atmosphere during senescence (protein degradation), even at early growth stages (Asman et al. 1998; Böhme et al. 2003) . However, in our experiments the net total N deposition (R 2 =0.991) and plant available N of maize (R 2 =0.996) increased linearly with growth stage despite some N losses Fig. 1 Total N deposition to maize and wheat at different harvest stages Plant Soil (2011) 339:137-145 during maturity (Figs. 1 and 2) , which corresponded well with our earlier findings (He et al. 2007) . Although the growth of the aerial parts of wheat halted from winter to early spring, net total N deposition also increased with growth stage of wheat (R 2 =0.985, Fig. 1 ).
Conclusions
When maize was used to monitor airborne N input with the ITNI system, a correction factor was needed and could only be obtained by simulating commercial field conditions, especially for plant density because it depend largely upon pot area or the difference in plant density between pots and trays (reflecting field conditions). The correction factors were 0.39 and 0.52 when pot areas were 0.038 and 0.057 m 2 compared with field trays (0.98 m 2 ). The total airborne N input measured with the ITNI system would not be influenced significantly by the variety of monitoring plant according to the current study.
In summary, N deposition was similar for the period from seedling stage to the tenth expanded leaf stage (22.6 kg N ha should be taken into account when calculating the N fertilizer requirements for maize and wheat and fertilizer N recommendations should be adjusted accordingly.
